The redox properties and thiol reactivity of quinones play critical roles in their therapeutic and toxicological properties. The present study was undertaken to investigate the binding activity of ubiquinone 0 (UQ 0 ) to human oxyhemoglobin (HbO 2 ) using electron spin resonance (ESR). Addition of UQ 0 to HbO 2 resulted in the immediate detection of a five-line ESR spectrum characteristic of the semiquinone radical of UQ 0 (UQ 0 . ). With time the HbO 2 adduct with UQ 0 , which was characterized by a broad immobilized ESR spectrum, was gradually formed. Matrix-assisted laser desorption/ionization time-of-flight mass spectra analysis showed that UQ 0 bound to the ␤-chain of HbO 2 . Superoxide dismutase dose-dependently suppressed the intensity of the broad spectrum and accelerated its formation. However, Nethylmaleimide, a thiol-blocking agent, completely eliminated its formation. The nonspecific protease mixture pronase also prevented its formation and resulted in the gradual appearance of a 4-line spectrum from the 5-line spectrum of UQ 0 . . The structure of the species responsible for the 4-line spectrum was confirmed and identified by the reaction of UQ 0 with reduced glutathione. In human red blood cells, UQ 0 rapidly bound to glutathione but more slowly to HbO 2 . These results suggest that UQ 0 reacted with both ferrous heme and the reactive ␤-93 cysteinyl residue of HbO 2 to generate its corresponding semiquinone radical. Subsequently UQ 0 bound to the ␤-93 cysteinyl residue of HbO 2 to form a covalent-binding adduct responsible for the broad spectrum.
Ubiquinones are some of the earliest compounds discovered to form free-radical intermediates (semiquinones) upon reduction, and they play critical roles as redox components of the electron-transport system in mammals and plants (1) (2) (3) (4) . Ubiquinones are found not only in the inner mitochondrial membranes, but also in low density lipoproteins, plasma membranes, and all intracellular membranes (5) (6) . In its reduced form (ubiquinol), ubiquinone may function as an antioxidant. It has been proposed that reduced ubiquinones function as free radical scavengers, donating a hydrogen atom to peroxy-and alkoxy-radicals (7) (8) (9) . Recent demonstrations of vitamin E recycling by ubiquinones may provide another possibility of indirect antioxidant function of ubiquinones (10 -13) . Many quinones have cytotoxic properties that have made them useful as anticancer and antibacterial drugs. For example, adriamycin possesses antitumor activity and is important therapeutically (14) . Because quinones and their corresponding semiquinone species have strong electrophilic character, they can readily react with available nucleophiles, especially sulfhydryl groups, and thereby form covalent adducts.
Much attention (15) (16) (17) (18) (19) has focused on the reaction of quinones with glutathione (GSH) because GSH is the major nonprotein sulfhydryl found in cells and plays a key role in cellular defense against injury by various anticancer drugs, carcinogens, ionizing radiation, and oxygen-derived free radical species (20 -22) . Covalent binding of quinones to cysteinyl residues of cellular macromolecules, especially the blood proteins albumin and hemoglobin, has also been characterized (23) (24) (25) .
Ubiquinone 0 (UQ 0 ), 1 a water-soluble ubiquinone 10 analogue, has been proposed to recycle the vitamin E homologue Trolox in reactions that depend on either ascorbate (26) or superoxide (27) . Lowe et al. (28) reported that UQ 0 inhibited glucose transport in human erythrocytes, possibly through binding to the glucose transporter (28) . More recently, UQ 0 has been shown to inhibit the mitochondrial permeability transition pore through a ubiquinone-binding site (29 -33) . Although the addition and substitution reactions of quinones with thiols have been extensively documented, the possibility of UQ 0 binding to the only reactive ␤-93 thiol group on human hemoglobin has not been examined, especially in regard to the free radical formation involved in UQ 0 /thiol interactions. Hence, the present study was undertaken to characterize the interaction of UQ 0 with human oxyhemoglobin or glutathione in human red blood cells by directly detecting the radicals generated during their interaction using ESR. The binding reaction of UQ 0 with human oxyhemoglobin was analyzed by matrix-assisted laser desorption/ionization time-of-flight mass spectra.
MATERIALS AND METHODS
Chemicals-Human oxyhemoglobin (HbO 2 ), 2,3-dimethoxyl-5-methyl-1,4-benoquinone (UQ 0 ), 5,5-dithio-bis(2-nitrobenzoic acid) (DTNB), maleimide, iodoacetamide, reduced glutathione (GSH), N-acetyl-L-cysteine (NAC), and dithiothreitol were from Sigma Chemical Company. The 5,5-dimethyl-1-pyrroline N-oxide (DMPO) spin trap agent was purchased from Sigma and was vacuum-distilled twice and stored under * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ To whom correspondence should be addressed. 6 ] at 37°C for 30 min. The mixture was then passed through a Sephadex G-25 column and concentrated using centricon-10 with centrifugation at 6,000 rpm for 60 min. Thiol (␤-93)-blocked hemoglobin samples were prepared from human HbO 2 or MetHb as described above. A 10-fold excess of NEM was added to HbO 2 or MetHb, and the mixture was allowed to react for 30 min. The NEM-reacted hemoglobin (NEM-HbO 2 ) or NEMMetHb was passed through a Sephadex G-25 column to remove the unreacted NEM and was concentrated using centricon-10 by centrifugation at 6,000 rpm for 60 min. More than 98% of the reactive sulfhydryl groups were blocked in the NEM-HbO 2 or NEM-MetHb solution prepared in this way.
Isolation of Human Red Blood Cells-Human red blood cells were prepared in a procedure slightly modified from that described by Stolze and Nohl (35) . After removal of plasma and leukocytes by centrifugation for 10 min at 2,200 ϫ g, the cells were washed five times by addition of twice the amount of phosphate-buffered saline (140 mM NaCl, 10 mM sodium phosphate buffer, pH 7.4) and subsequently centrifuged for 10 min at 2,200 ϫ g. For ESR measurements, the reaction mixture containing red blood cells and 2.0 mM UQ 0 in borate buffer (pH 9.0, 100 mM) was subjected to ESR analysis with the instrumental parameters described below.
Electron Spin Resonance Experiments-ESR experiments were carried out on a Bruker EMX ESR spectrometer. The reaction mixture containing 1.2 mM human HbO 2 and 0.5 mM UQ 0 in borate buffer (pH 9.0, 100 mM) was subjected to ESR analysis with or without 0.8 mg/ml pronase, or various concentrations of SOD and catalase. In the NEM experiment, 1.2 mM HbO 2 or MetHb was incubated with 12 mM NEM at room temperature for 10 min, and then 0.5 mM UQ 0 was added to react with the NEM-pretreated HbO 2 or MetHb before being subjected to ESR analysis. Instrumental parameters were as follows: microwave power, 40 mW; scan width, 50 G; microwave frequency, 9. Interaction of Ubiquinone 0 with Glutathione-Reaction mixtures containing various concentrations of GSH and 5.0 mM UQ 0 in borate buffer (pH 9.0, 100 mM) were subjected to ESR analysis with the instrumental parameters described above except that microwave power was 20 mW, and the receiver gain was 1.0 ϫ 10 4 . Oxygen Consumption Experiments-Oxygen consumption measurements were made with a Clark-type oxygen electrode fitted to a 1.8-ml Gilson sample cell and monitored by a model 53 oxygen monitor (Yellow Spring Instruments, OH). The reagents were added in the following order. First, a borate buffer stock solution (pH 9.0, 100 mM) and UQ 0 in the presence or absence of SOD or catalase were placed in the sample cell. Then, after establishing a 1-min baseline measurement, reactions were initiated by adding GSH stock solution to the reaction chamber. Oxygen concentration in the samples as a function of time was recorded by a PC interfaced to the oxygen monitor with a Data Translation DT2801 data acquisition board. All the experiments were carried out at room temperature.
RESULTS

Interaction of Ubiquinone 0 with Human Oxyhemoglobin-
When 0.5 mM UQ 0 was mixed with 1.2 mM human HbO 2 in borate buffer (pH 9.0, 100 mM), a 5-line ESR spectrum appeared immediately (Fig. 1A) . Its simulated spectrum (Fig. 1B) is characteristic of the semiquinone radical of UQ 0 (UQ 0 . )(a H (3H, position 6) ϭ 2.43 G and a H (1H, position 5) ϭ 1.92 G) in agreement with the literature (5) . No detectable ESR signal of UQ 0 . was observed from 0.5 mM UQ 0 alone in borate buffer. The ESR signal of UQ 0 . was more stable when the reaction solution was bubbled with sufficient N 2 to lower the O 2 concentration without significantly deoxygenating HbO 2 (data not shown). When HbO 2 was replaced by MetHb that was prepared from HbO 2 , a weaker 5-line ESR signal appeared, and this reaction also took place under anaerobic conditions (data not shown). Over 10 min of incubation, a broad, immobilized signal was gradually formed (Fig. 1 , C-E), suggesting the formation of an HbO 2 adduct of the semiquinone radical of UQ 0 . The formation of the HbO 2 adduct with UQ 0 was confirmed by the MALDI-MS analysis. Fig. 2 shows the MALDI mass spectra obtained from human HbO 2 with or without UQ 0 . When HbO 2 alone was analyzed by MALDI-MS, two signals of nearly equal intensity were observed ( Fig. 2A) . These represent ions that were generated from protonation of the ␣-and ␤-chains that constitute the HbO 2 (Fig. 2B) shows that the mass of the ␤-chain was increased by 181 Da compared with that observed in Fig. 2A . The mass of the modified ␤-chain is equal to that of the single ␤-chain (less one proton) plus that of UQ 0 (15,877-1ϩ182 ϭ 16,058), indicating the binding reaction of UQ 0 to the ␤-chain of HbO 2 at a single site. The mass of the protonated ␣-chain in the solution containing HbO 2 and UQ 0 was unchanged, indicating no ␣-chain modification.
To confirm the possibility that UQ 0 bound to the thiol group at the ␤-chain of HbO 2 , the ␤-93 cysteine sulfhydryl group, which is the only reactive sulfhydryl group, was blocked by NEM. It was found that the formation of the broad ESR signal of the HbO 2 /UQ 0 adduct was completely prevented when HbO 2 was either pretreated for 10 min with 12 mM of NEM before the addition of UQ 0 or replaced by purified NEM-HbO 2 , and only a weaker 5-line spectrum of UQ 0 . was present (Fig. 3) . Similar results were obtained when NEM was replaced by the other thiol-blocking agents such as 5,5-dithio-bis(2-nitrobenzoic acid), maleimide and iodoacetamide (data not shown). These results indicate that the exposed ␤-93 cysteinyl residue of HbO 2 was involved in the formation of the broad ESR signal of the HbO 2 /UQ 0 adduct. No detectable 5-line ESR signal was observed when NEM-HbO 2 was replaced either by MetHb pretreated with NEM or by purified NEM-MetHb, indicating that not only ferrous heme but also ␤-93 sulfhydryl group participated in the formation of the 5-line ESR signal of UQ 0 . .
The addition of SOD significantly decreased the ESR signal intensities of both the 5-line and the broad spectra in a dosedependent manner (Table I) . SOD also dose-dependently accelerated the decay of the 5-line spectrum and shortened the period during which the broad spectrum was completely formed. For instance, the addition of SOD (100 units/ml) decreased the period from 10 to 5 min. SOD at a concentration of above 500 units/ml completely inhibited the formation of both spectra (data not shown). However, catalase (10 -100 g/ml) did not show statistically significant effects on the formation of the broad spectrum (data not shown).
To obtain further information about the binding site of the immobilized radical, we employed the enzymes pronase or proteinase K to partially degrade the HbO 2 and overcome the immobilization of the radical (35) . The presence of 0.8 mg/ml pronase during the incubation not only eliminated the formation of the broad signal but, more interestingly, gradually led to the replacement of the 5-line ESR spectrum of UQ 0 . by a 4-line spectrum (Fig. 4) . Similar results were obtained in the presence of proteinase K (data not shown). Similar results were also obtained when HbO 2 was replaced by MetHb (data not shown).
Interaction of Ubiquinone 0 with Glutathione-To identify the above 4-line ESR spectrum, we substituted GSH, a cysteine-containing tripeptide, for macromolecular hemoglobin. We found that the addition of GSH at a low concentration of 0.25 mM to borate buffer (pH 9.0, 100 mM) containing 5.0 mM UQ 0 generated the 5-line spectrum of UQ 0 . (Fig. 5A) , which was the same as that shown in Fig. 1A . With increasing GSH concentrations, the 5-line spectrum gradually changed to a 4-line spectrum (Fig. 5, B-E) . Furthermore, under the appropriate ESR measurement conditions, the hyperfine structures of the spectra shown in glutathionyl conjugate characterized by its hyperfine coupling constant (a H (3H, position 6) ϭ 2.89 G, Fig. 6E ). The relative contribution of each species to the overall spectra depended upon the ratio of [GSH]/[UQ 0 ]. As shown in Fig. 5 Oxygen consumption in this system was also measured. Fig.  7 shows that the time course of oxygen consumption after GSH was added to initiate the reaction with UQ 0 . For the controls of 0.5 mM UQ 0 or GSH alone (Fig. 7, A-B) , oxygen consumption was undetectable. Oxygen was consumed rapidly in the first minute of the reaction. The amount of oxygen consumption increased with increasing GSH concentration, whereas total oxygen consumed leveled off when GSH was at a concentration of 0.5 mM, equal to that of UQ 0 (Fig. 7G) , supporting a previous report (36) . Catalase at a concentration of 0.10 mg/ml partially inhibited the oxygen consumption (Fig. 7H) , whereas SOD up to 1,000 units/ml had no effect (data not shown). Neither 100 M EDTA nor DETAPAC affected the oxygen consumption (n ϭ 3) . b The ESR signal intensity was measured at 1 min after the reaction was initiated. c The ESR signal intensity was measured after the broad signal was completely formed. d The period during which the broad signal was completely formed.
FIG. 4.
The time course of ESR spectra obtained from the reaction of ubiquinone 0 with human oxyhemoglobin in the presence of pronase. The incubation system containing 1.2 mM human HbO 2 , 0.8 mg/ml pronase, and 0.5 mM UQ 0 in borate buffer (pH 9.0, 100 mM) was subjected to ESR analysis with instrumental parameters described in the legend to Fig. 1.   FIG. 5 . ESR spectra obtained from the reaction of ubiquinone 0 with reduced glutathione. A, the reaction mixture containing 0.25 mM GSH and 5.0 mM UQ 0 in borate buffer (pH 9.0) was subjected to ESR analysis with instrumental parameters described in the legend to Fig. 1 , except that microwave power was 20 mW and the receiver gain was 2.0 ϫ 10 4 . B, same as A except that 1.0 mM GSH was used, and the receiver gain was 1.0 ϫ 10 4 . C, same as B except that 1.5 mM GSH was used. D, same as B except that 2.5 mM GSH was used. E, same as B except that 5.0 mM GSH was used.
(data not shown), as reported previously (36) . As shown in Fig.  8 , the initial rate of oxygen consumption was first order in GSH concentration when the GSH concentration was lower than 0.25 mM.
Interaction of Ubiquinone 0 with Human Red Blood CellsWhen using human red blood cells instead of HbO 2 , we found that the broad ESR signal was not observed during the initial period of reaction. Instead, the initial 5-line spectrum changed to the 4-line spectrum (Fig. 9, A-D) , which was identical to the results obtained from the reaction of UQ 0 with GSH. The formation rate of the UQ 0 -glutathionyl conjugate depended on the concentrations of both UQ 0 and red blood cells (data not shown). After 25 min of reaction time, the broad ESR signal was detected, and it dominated at 40 min (Fig. 9, E-F) .
DISCUSSION
In this study, we detected for the first time the 5-line ESR spectrum of UQ 0 . upon the addition of UQ 0 to the borate buffer solution (pH 9.0) containing human HbO 2 (Fig. 1A) . When HbO 2 was pretreated with the thiol-blocking agent NEM or replaced by MetHb, a weaker 5-line ESR spectrum appeared (data not shown). No detectable 5-line ESR signal was observed when NEM-MetHb replaced NEM-HbO 2 or MetHb was pretreated with NEM. These results not only indicate that the ferrous heme of HbO 2 (Reaction 1) participated in the formation of the 5-line ESR spectrum of UQ 0 . , which supported the previous report where ferrous heme of HbO 2 was involved in the one-electron reduction of menadione (2-methyl-1,4-naphthoquinone or vitamin K 3 ) to its semiquinone radical (37) , but more importantly suggest that the ␤-93 sulfhydryl group of HbO 2 , the only reactive sulfhydryl group, was also involved in the formation of the 5-line ESR spectrum of UQ 0 . . The probable mechanism by which UQ 0 . was generated by the ␤-93 sulfhydryl group was via Reactions 2-4. The reductive addition of the ␤-93 sulfhydryl group of HbO 2 to UQ 0 formed the hydroquinone conjugate of HbO 2 (Reaction 2). The co-existence of hydroquinone conjugate and UQ 0 resulted in the formation of their semiquinones via the comproportionation/disproportionation FIG. 6 . ESR spectra obtained from the reaction of ubiquinone 0 with reduced glutathione. A, the reaction mixture containing 2.5 mM GSH and 5.0 mM UQ 0 in borate buffer (pH 9.0, 100 mM) was subjected to ESR analysis with instrumental parameters described in the legend to Fig. 1 , except that microwave power was 20 mW, scan width was 20 G, and the receiver gain was 1.0 ϫ 10 4 . B, same as A except that microwave power was 5.0 mW, and modulation amplitude was 0.2 G. C, composite computer simulation of D and E. D, simulated spectrum of the semiquinone radical of UQ 0 (44%) employing the hyperfine coupling constants a H (3H) ϭ 2.43 G and a H (1H) ϭ 1.92 G. E, simulated spectrum of the semiquinone radical of UQ 0 -glutathionyl conjugate (56%) employing the hyperfine coupling constant a H (3H) ϭ 2.89 G.
FIG. 7.
Effects of glutathione concentrations and catalase on the time course of oxygen consumption. A, 0.5 mM UQ 0 in borate buffer (pH 9.0, 100 mM). B, 0.5 mM GSH in borate buffer (pH 9.0, 100 mM). C, complete system containing 0.5 mM UQ 0 and 0.025 mM GSH in borate buffer (pH 9.0, 100 mM). D, same as C except that 0.1 mM GSH was used. E, same as C except that 0.15 mM GSH was used. F, same as C except that 0.25 mM GSH was used. G, same as C except that 0.5 mM GSH was used. H, same as F except in the presence of 0.1 mg/ml catalase. The arrow indicates the time at which various concentrations of GSH were added to initiate the reaction. . by displacing the equilibrium of the Reactions 3 and 4 toward the right. Another route to generating UQ 0 . by the ␤-93 sulfhydryl group might be via Reaction 5 forming the thiyl radical, although this reaction is thermodynamically unfavourable (38) . The incubation of UQ 0 with HbO 2 over time formed a broad, immobilized ESR signal (Fig. 1E) , indicating that the binding reaction of UQ 0 to HbO 2 occurred. This was confirmed by MALDI-MS analysis, showing that UQ 0 bound to the ␤-chain of HbO 2 (Fig. 2) . Moreover, it was found that the formation of the broad, immobilized ESR signal was eliminated by the addition of NEM (Fig. 3) , and its formation rate at pH 7.4 was much slower than at pH 9.0 (data not shown). It has been reported that cysteinyl residues of hemoglobin show more reactivity at pH 9.0 than at physiological pH values (39) . Thus, it is probable that UQ 0 forms the immobilized paramagnetic adduct by binding to the only reactive ␤-93 cysteinyl residue of HbO 2 .
To obtain further information about the binding site of the immobilized radical, the enzymes pronase or proteinase K were employed to induce partial degradation of HbO 2 in order to overcome the immobilization of the radical (35) . The addition of pronase or proteinase K at the beginning of the reaction prevented the formation of the immobilized spectrum and caused the gradual formation of a 4-line ESR spectrum from the 5-line ESR spectrum of UQ 0 . (Fig. 4) . To identify the 4-line ESR spectrum, we used the small molecular thiol agent GSH to replace the macromolecular HbO 2 . In the system containing UQ 0 and various concentrations of GSH, a 5-line ESR spectrum changed gradually into a 4-line ESR spectrum as the molar ratio of [GSH]/[UQ 0 ] increased (Fig. 5) . Theoretically, if the proton (position 5) in the aromatic ring of UQ 0 is unsubstituted, both the proton in position 5 and three protons in position 6 will contribute to the ESR spectrum of UQ 0 . , resulting in the formation of a 5-line ESR spectrum as shown in Fig. 1A or its resolved spectrum (Fig. 6D) . Otherwise, if the proton in position 5 is substituted (for instance, a nucleophilic attack by a thiol upon the position 5 of UQ 0 ), only three protons in position 6 will contribute to the ESR spectrum of the semiquinone radical of the substituted UQ 0 , resulting in the formation of a 4-line ESR spectrum as shown in Figs. 5E or 6E. In other words, in our case the formation of a 4-line spectrum indicates that the proton in position 5 of UQ 0 is substituted by a thiol. Thus, based on the computer-simulated spectra and their hyperfine coupling constants (Fig. 6, C-E) , the radicals formed during the reactions of UQ 0 with GSH are demonstrated to the semiquinone radicals from either UQ 0 alone or its conjugate with GSH or both, depending upon the molar ratio of [GSH]/ [UQ 0 ]. At a lower GSH concentration, the reductive addition of GSH to UQ 0 (Reaction 6) occurred. The presence of high concentrations of UQ 0 displaced the equilibrium of Reactions 7 and 8 toward the right. As a result, ESR spectra showed the 5-line spectrum to be dominant (Fig. 5A ). Taken together, our results suggest that the reactive ␤-93 cysteinyl residue of HbO 2 substituted for the proton (position 5) of UQ 0 , further forming a paramagnetic adduct of HbO 2 in the presence of UQ 0 , which was characterized by a broad, immobilized ESR spectrum in the absence of pronase (Reactions 2 and 3) and a 4-line spectrum in the presence of pronase (Reactions 9 and 10), respectively.
The formation of superoxide radicals has been previously detected indirectly during the reaction of HbO 2 with certain hemolytic agents, including the quinone menadione (37, 40 -44) . These results are supported by our present study. SOD significantly accelerated the decay of the semiquinone radical FIG. 9 . The time course of ESR spectrum obtained from the reaction of ubiquinone 0 with human red blood cells. The incubation system containing human red blood cells and 2.0 mM UQ 0 in borate buffer (pH 9.0, 100 mM) was subjected to ESR analysis with instrumental parameters described in the legend to Fig. 1 , except that the receiver gain was either 1.0 ϫ 10 5 in A-D or 2.0 ϫ 10 5 in E and F.
REACTIONS 1-4 REACTION 5
Binding Activity of Ubiquinone 0 to Human Oxyhemoglobinof UQ 0 , shortened the period during which the semiquinone radical of the HbO 2 /UQ 0 adduct was completely formed, and suppressed the signal intensities of both semiquinone radicals, which indicated that superoxide was formed in this system. The effect of SOD is understood as a displacement of the equilibrium of the autoxidation reaction of UQ 0 ⅐ Ϫ toward the right by the rapid removal of superoxide radical via disportionation (Reaction 11), and, therefore, SOD favored the oxidative decay of the semiquinone radical of UQ 0 .
To test the possibility that high levels of glutathione (Ͼ2 mM) (45) compete with oxyhemoglobin for reaction with the electrophilic UQ 0 , UQ 0 was added to human red blood cells in borate buffer (pH 9.0, 100 mM). It was found that the corresponding semiquinone radical of UQ 0 appeared during the initial period of reaction (Fig. 9A) . With time the 5-line ESR spectrum changed to a 4-line ESR spectrum (Fig. 9, B-D) . The intermediate radical signals formed with time of incubation were the same as those formed in the system containing UQ 0 and various concentrations of GSH. The broad ESR signal of the HbO 2 / UQ 0 adduct was not observed until UQ 0 was incubated with red blood cells for at least 25 min (Fig. 9, E-F) . These results indicate that UQ 0 rapidly bound to glutathione but more slowly to hemoglobin.
In summary, UQ 0 was found to react with both the heme group and the ␤-93 thiol group of HbO 2 . In the initial stage of the reaction, the semiquinone radical of UQ 0 was formed through the reactions with both ferrous heme and the ␤-93 thiol residue. With time a broad, immobilized ESR signal characterized as a macromolecular adduct was gradually formed, indicating that UQ 0 had bound to the cysteinyl residue of HbO 2 .
